ABSTRACT Species of the mussel genus Mytilus possess maternally and paternally transmitted mitochondrial genomes. In the interbreeding taxa Mytilus edulis and M. galloprovincialis, several genomes of both types have been fully sequenced. The genome consists of the coding part (which, in addition to protein and RNA genes, contains several small noncoding sequences) and the main control region (CR), which in turn consists of three distinct parts: the first variable (VD1), the conserved (CD), and the second variable (VD2) domain. The maternal and paternal genomes are very similar in gene content and organization, even though they differ by .20% in primary sequence. They differ even more at VD1 and VD2, yet they are remarkably similar at CD. The complete sequence of a genome from the closely related species M. trossulus was previously reported and found to consist of a maternal-like coding part and a paternal-like and a maternal-like CR. From this and from the fact that it was extracted from a male individual, it was inferred that this is a genome that switched from maternal to paternal transmission. Here we provide clear evidence that this genome is the maternal genome of M. trossulus. We have found that in this genome the tRNA Gln in the coding region is apparently defective and that an intact copy of this tRNA occurs in the CR, that one of the two conserved domains is missing essential motifs, and that one of the two first variable domains has a high rate of divergence. These features may explain the large size and mosaic structure of the CR of the maternal genome of M. trossulus. We have also obtained CR sequences of the maternal and paternal genomes of M. californianus, a more distantly related species. We compare the control regions from all three species, focusing on the divergence among genomes of different species origin and among genomes of different transmission routes.
M USSELS of the genus Mytilus have the doubly
uniparental inheritance (Zouros et al. 1994a ) mode of mitochondrial DNA (mtDNA): both genders have a maternally transmitted mtDNA, but a paternally transmitted mtDNA is found predominantly in males (Skibinski et al. 1994a,b; Zouros et al. 1994a,b; ; Hoeh et al. 1996; Liu et al. 1996; Passamonti and Scali 2001; Curole and Kocher 2002; Hoeh et al. 2002; Serb and Lydeard 2003) . As a result, females are homoplasmic, even though small amounts of ''leaked'' paternal mtDNA can be detected in most of them (Stewart et al. 1995; Garrido-Ramos et al. 1998; Dalziel and Stewart 2002; Obata et al. 2006) , and males are heteroplasmic, with their somatic tissues dominated by the maternal mtDNA and the gonad dominated by the paternal. There is good evidence that pure sperm contain only the paternal mtDNA (Venetis et al. 2006) .
Mytilus edulis and M. galloprovincialis are closely related sibling species that hybridize freely in areas of sympatry and their separate species status is questionable (Gossling 1992 ; however, see Bierne et al. 2006) . Their mitochondrial genomes, maternal or paternal, are indistinguishable. The maternal (F) and the paternal (M) genome of M. edulis/M. galloprovincialis have been fully sequenced and characterized (Boore et al. 2004; Mizi et al. 2005 Mizi et al. , 2006 Breton et al. 2006) . The most notable differences are confined in the large unassigned region (LUR), first described by Hoffmann et al. (1992) . It is convenient for this reason to divide the mitochondrial genome of Mytilus into two parts: the core that contains all protein, rRNA and tRNA coding genes and a few noncoding regions of ,500 bp, and the LUR. The core is the same size in the F and M genomes and contains the same genes in the same order. Yet, it differs by 23% in primary sequence. The LUR varies between the two genomes in both primary sequence and size. Cao et al. (2004) have divided the LUR into three parts: the first variable domain (VD1), the conserved domain (CD), and the second variable domain (VD2). These domains closely parallel the three domains of human mtDNA and contain sequence motifs that are similar to those in sea urchins and in humans. In both species these motifs are known to be involved in the replication and transcription of the molecule. These observations reinforced previous suggestions (Hoffmann et al. 1992 ) that the LUR is the main control region of the genome. For this reason, the LUR is also referred to as the main control region (CR), a designation that we will use in this article.
A third type of mitochondrial genome, the C genome, was recently sequenced and described in M. galloprovincialis (Venetis et al. 2007) . The sequence of its core is similar to that of the F genome, differing from it by 3%. But its CR is much larger than the CR of either the F or the M genome, 3.52 kb, compared to 1.15 kb for the F and 0.91 kb for the M genome. It consists of four tandem repeats of the CR of the M genome inserted within the CR of the F genome. The particular C genome that was sequenced was isolated from sperm that were forced to swim through a Percoll solution for the removal of any debris from somatic cells. In a previous study it was shown that sperm purified in this way contain only paternal mtDNA (Venetis et al. 2006) . This produced firm evidence that the C genome is paternally inherited. From the fact that its core is of the F type, it was concluded that the C genome is a ''masculinized'' genome, i.e., a genome that descended from the F lineage and reversed its transmission route through the incorporation of sequences from the CR of the M genome. The phenomenon of masculinization was first proposed (Hoeh et al. 1997) to explain the presence in male gonads of genomes whose core was of the F type (Quesada et al. 1995 (Quesada et al. , 1999 Hoeh et al. 1997; Saavedra et al. 1997) . Masculinization also appears to be the most likely explanation for the clustering of maternal and paternal coding sequences from species from different genera and families of bivalves (Hoeh et al. 1996; Theologidis et al. 2008) .
M. trossulus is the most closely related species to the M. edulis/M. galloprovincialis sibling pair with which it forms the M. edulis species group. M. trossulus is known to occur in the American Atlantic coast north of Maine and in the northeast Pacific region from central California to Alaska. It has also been reported to occur in the Baltic Sea, where it has apparently introgressed with M. edulis. The Baltic populations of M. trossulus can be considered as a taxon whose nuclear genome is dominated by M. trossulus sequences, but whose mitochondrial genomes, both maternal and paternal, are of M. edulis origin. American M. trossulus populations, on the other hand, have their own species-specific maternal and paternal mtDNA. This was evident from early studies of coding sequences that demonstrated the existence of four distinct mtDNAs in M. edulis and M. trossulus, two in each, and showed that these sequences affiliate according to mode of transmission rather than according to origin of species Stewart et al. 1995) . More recently, Breton et al. (2006) have reported the complete sequence of a mitochondrial genome that they have extracted from a male M. trossulus gonad from Atlantic Canada. The primary sequence of the core of this genome resembled closely the F genome of M. edulis/M. galloprovincialis, but its CR was much larger than the CR of the F or M genomes of M. edulis/M. galloprovincialis. It consisted of two CRs of which one resembled the CR of the M genome and the other that of the F genome of M. edulis/M. galloprovincialis. Breton et al. (2006) concluded that this was a ''recently masculinized'' genome, i.e., a maternal genome with a reversed transmission route, similar to the C genome of M. galloprovincialis that was subsequently reported. This interpretation by Breton et al. (2006) did not, however, agree with a previous study by Rawson (2005) in which a genome with an identical CR was identified as the sole mtDNA in M. trossulus females.
The alleged masculinized genome in M. trossulus invites its comparison with the maternal genome of this species, from which it is supposed to have derived, and with the paternal genome, whose role it is supposed to perform. This comparison was indeed done with the C genome and its conspecific F and M genomes of M. galloprovincialis (Venetis et al. 2007 ). The comparison showed that the differences among the three genomes are confined in the CR. But the CR sequence of the maternal and paternal genomes of M. trossulus remain unknown. We have, therefore, obtained the sequences of the CR of genomes isolated from eggs and pure sperm from several M. trossulus individuals. This gave us firm evidence that the genome sequenced by Breton et al. (2006) is in fact the maternal genome of M. trossulus. We then obtained the sequence of the CR of the maternal and paternal genomes of another mytilid, M. californianus, a distant relative of the M. edulis species group. The complete set of CRs of both genomes from three species of varying phylogenetic distance provided us with some information about the evolution of CR in mytilids. It also provided hints about the functionality of some parts of the duplicated CR of the maternal mtDNA of M. trossulus, which may explain the unusual structure and length of this genome.
MATERIALS AND METHODS
Sample collection and identification: Mussels were collected in Canada (Lunenburg Bay, Nova Scotia: individuals w2, w22, w65, w143, w193, and w202; Eskosoni, Nova Scotia: individuals 11, 12, 17, and 23; Lemmens Inlet, British Columbia: individuals BC8 and BC9) and in the United States (Neah Bay, WA: individuals 15 and 26; Terrace Point, CA: individuals P1 and P2) ( Table 1 ) and transported alive to the laboratory. Sex was determined by examining the gonad under a light microscope for the presence of sperm or eggs. DNA of P1 and P2 was extracted as described in Ort and Pogson (2007) . Total DNA of other mussel samples was extracted using a modified saturated-salt extraction procedure (Miller et al. 1988) . Species identification of mussels from Canada was performed by genotyping samples at two nuclear markers, ITS and Glu5, using the methods described by Heath et al. (1995) and Rawson et al. (1996) , respectively. Only individuals that were homozygous for M. edulis or M. trossulus alleles at both markers were used.
PCR amplification, cloning, and sequencing: Extracted DNA was used as template to amplify parts of the mitochondrial genome using primers listed in Table 2 . The primer pairs used in each species and the primer binding sites in the mitochondrial genome are illustrated in supplemental Figure  1 . mtDNA amplifications of all samples, except P1 and P2, were carried out in a 25-ml PCR reaction containing 50-100 ng of template DNA, 0.8 mm of each primer, 200 mm of each dNTP, 2.5 mm MgCl 2 , and 1 unit Taq polymerase (MBI Fermentas) in the buffer supplied by MBI Fermentas. The reactions were 
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Sequences were extracted from 16 animals, listed according to species and gender. Two sequences (DQ399833 and AY823625) were extracted from GenBank (GB). On six occasions gonads could not be separated from the gill.
a The first letter refers to the species (e, edulis; g, galloprovincialis; t, trossulus; c, californianus), the second letter to gender (f, female; m, male), followed by animal code, followed by the sequence type (F, F type; M, M type; C, C type; VL, CR of M. trossulus very long type). heated initially at 94°for 3 min and then incubated at 94°for 20 sec-1 min, 46°-53°for 20 sec-1.5 min, and 72°for 45 sec-3 min depending on fragment size for 40 cycles and 72°for 6 min for a final extension. The amplified products were visualized on a 1% agarose gel. DNA was recovered using a gel band purification kit (Biomio) and cloned on pGEM-T vector (Promega) following the procedure provided by the supplier. Positive clones from each individual were confirmed by PCR amplification with the same primers and conditions as above. One or two positive clones from each individual were sequenced commercially from both directions using either a LICOR 4200 or ABI 373 automated sequencer. Primer walking was applied when cloned fragments were .1.2 kb.
For mussels P1 and P2 of M. californianus, primer pairs Fnad5F2/F-nad2R and M-nad5F/M-nad2R, specific to F and M genomes, were used to amplify an 12-kb product extending from the ND5 to the 39-end of the ND2, encompassing the entire CR. PCR reactions for these ''F12'' and ''M12'' fragments contained 20 mm Tris-HCl (pH 8.8), 10 mm KCl, 10 mm (NH 4 ) 2 SO 4 , 3.0 (F12) or 2.0 (M12) mm MgSO 4 , 0.1% Triton X-100, 100 ng/ml bovine serum albumin, 200 mm of each dNTP, 0.5 mm forward and reverse primers, 0.6 units of Taq 2000 DNA polymerase (Stratagene), 0.6 units Taq Extender PCR additive (Stratagene), and 150 ng template DNA. Reactions were performed in 10-ml sealed glass capillary tubes in an Idaho Technology A1605 Air Thermo-Cycler. Cycling conditions consisted of an initial denaturation step of 45 sec at 94°, 35 cycles of denaturation at 94°for 1 sec, primer annealing at 52°for 1 sec, primer extension at 72°for 10-14 min, and a final hold at 72°for 10-14 min. Multiple replicate PCRs were pooled and gel purified using Zymoclean columns (Zymo Research). Purified PCR products were cloned and shotgun sequenced to 7.8-11.53 coverage (Macrogen, South Korea).
Search of mtDNA sequences in eggs, purified sperm, and somatic tissues of M. trossulus: Mussels from Bras D'Or (Cape Breton, Canada) were placed in individual containers with sea water and induced to spawn by increasing the incubation temperature from 8°to 20°. Pure spermatozoa were obtained from 10 males by forcing sperm to swim through a solution of Percoll as described in Venetis et al. (2006) . Eggs from five females were washed thoroughly with sterile sea water. These procedures were followed to avoid contamination with mtDNA of somatic cell origin. Total DNA was extracted from gametes and the foot according to Douris et al. (1998) and used as PCR template with the primers UNFOR1/UNREV1. PCR amplification was carried out in 25-ml reaction volumes containing 50-100 ng of template DNA, 0.5 mm of each primer, 200 mm of each dNTP, 2.5 mm MgCl 2 , and 0.125 ml of enzyme mix (Invitrogen elongase enzyme mix) in buffer B supplied by the company. Reaction conditions were in accordance with the supplier's recommendations. PCR products were visualized after agarose gel electrophoresis.
Sequence data analysis: Cao et al. (2004) defined the CR of M. edulis/M. galloprovincialis as the part of the genome contained between the 16S rRNA and the tRNA Tyr and divided it into three domains, VD1, CD, and VD2. The definition of the three domains in the M. trossulus genomes was straightforward because the CR extracted from sperm and the two joint CRs extracted from eggs show a high similarity with the CD of the F and M genome of M. edulis. To delineate the three domains of the F and M genomes of M. californianus, we aligned their CR and determined the part that contained the highest sequence similarity. The approximate limits of the so-defined CDs were determined after alignment with the CD of the F and M genomes of M. edulis using ClustalX v.1.83 (Thompson et al. 1997 ; parameters: gap opening ¼ 12; gap extension ¼ 1).
Sequences from M. trossulus and M. californianus upstream of the 39-end of 16S-rRNA and downstream of the 59-end of tRNA Tyr were aligned on the basis of gene similarity using the default parameters of ClustalX v.1.83 (Thompson et al. 1997) followed by eye correction. All F-type CR sequences were Lecanidou et al. (1994) . The first alignment resulted in ''profile 1'' and the second in ''profile 2.'' Profile 2 was subsequently aligned to profile 1 using the default parameters of ClustalX v.1.83 (Thompson et al. 1997) . Further correction of the alignment was performed manually to maximize sequence similarity, particularly for the two-size variable regions that flanked the relatively conserved CD. This alignment was finally concatenated with the alignment of sequences upstream and downstream of CR. The whole alignment is in the supplemental material. The program MEGA v3.1 (Kumar et al. 2004 ) was used for the estimation of p-distances, and the standard error computation was performed by the bootstrap method for 10,000 replications.
RESULTS
The two CR types of M. trossulus: We have extracted 10 sequences from various tissues of M. trossulus (Table  1) . Two of these (nos. 3 and 9) extended from around the beginning of 12S-rRNA to near the end of Cyt b (corresponding to 14,478-2074 bp of the complete Ftype sequence given by Mizi et al. 2005) , and the other eight extended from the end of 16S-rRNA to tRNA Tyr (corresponding to 16,518-1169 bp of the complete Ftype sequence; Mizi et al. 2005) . Using the definition of the CR of mytilids as the part of the mitochondrial genome contained between 16S-rRNA and tRNA Tyr (Cao et al. 2004), six sequences (nos. 3, 4, 5, 6, 7, 10) were found to contain a long CR (3.1 kb), and four sequences (nos. 8, 9, 11, 12) to contain a short CR (1.1 kb). The CR in the short sequence resembled closely the CR of the F and M genomes of M. edulis/M. galloprovincialis. The long type, on the other hand, was almost identical to that reported by Breton et al. (2006) . Assignment of the two CR types of M. trossulus to maternal and paternal genomes: The mere fact that a mitochondrial sequence is extracted from a female or a male individual, or even from a female or a male gonad, cannot be used as evidence that it is a maternally or paternally transmitted genome (Venetis et al. 2006 ). The reason is that preparations from male gonads are, more often than not, contaminated by DNA from somatic cells that contain maternal mtDNA, and female tissues may contain small amounts of ''leaked'' paternal mtDNA (Garrido-Ramos et al. 1998) . For this reason, we obtained DNA preparations from eggs and somatic tissues of five females and from purified sperm and somatic tissues of 10 males of M. trossulus from Atlantic Canada. The type of CR contained in these tissues was scored as described in materials and methods. No product was obtained from the eggs or the somatic tissue of one female ( Figure 1A ). The product of eggs from the other four females was 3.3 kb, i.e., of the size corresponding to the ''long'' type CR (including the flanking sequences). The same band size was recovered from the somatic tissues of these four females ( Figure  1C) . No product was obtained from the sperm of one male ( Figure 1B) or from the soma of another male (not shown). The product from the sperm of all 9 males was 1.3 kb, i.e., of the size that corresponds to the ''short'' type CR (including the flanking sequences). The soma of all 8 males produced the 3.3-kb band found in the eggs and the soma of females and, in smaller quantity, the 1.3-kb band found in the purified sperm ( Figure  1C ). We failed to detect the 3.3-kb zone in any sperm extraction. We have also failed to detect any other mtDNA type in any of these female or male individuals.
These findings are fully consistent with the hypothesis that the ''short'' CR type belongs to the paternal genome and the ''long'' CR type belongs to the maternal genome of M. trossulus. We, therefore, refer to these two genomes as F-tr and M-tr, respectively. In analogy, we will refer to the maternal (F) and to the paternal (M) genome of M. edulis/M. galloprovincialis as F-ed and M-ed and to those of M. californianus (see below) as F-ca and M-ca. This finding agrees with the results of Rawson (2005) that preceded the work of Breton et al. (2006) . The fact that F-tr was found in the somatic tissues of all males and females, but never in the pure sperm, weakens the possibility that somehow it has a dual role, acting both as maternal and as paternal genome.
The CR sequences of the M-tr and F-tr genomes: The CR of M-tr has the tripartite structure proposed by Cao et al. (2004) for the mytilid mtDNA (Figure 2) . The VD1 is shorter by 18 bp than the VD1 of M-ed and the CD is shorter by 9 bp (Table 3 ). The most striking difference between the M-tr and M-ed CRs is in the third domain, VD2, which is almost four times as long as the M-ed and consists of two tandem repeats ( Figure 3A ). This repeat shows relatively high similarity (77%) with the VD2 of M-ed illustrating the common descent of the paternal genomes in these two species. We obtained the CR of Mtr from three males and one female individual (Table 1) . There is no much variation among the four sequences (Table 3) . For the rest of the article we will use the longest sequence from animal w202 (no. 9 in Table 1) for comparisons of the M-tr CR with the CR of other genomes (Table 3) .
The sequence of the CR of the F-tr genome was given by Rawson (2005) and Breton et al. (2006) . We subjected this complex CR to a detailed sequencesimilarity analysis (Figure 2) . The entire CR consists of one M-like CR and one F-like CR, separated by a sequence of 1013 nucleotides. The M-like and F-like CRs will be discussed below. The intervening sequence consists of the following parts: (a) a piece of tRNA Tyr truncated at its 59-end followed by the first 103 bp of Cyt b; (b) a stretch of 125 bp of which the first 97 bp resemble the 39-end of 16S-rRNA and the remaining 28 bp resemble the 59-end of CR; and (c) a sequence that corresponds to the last 15 bp of 12S-rRNA, followed by a sequence of 416 bp that contains the seven tRNAs that also occur in the coding part of the genome between 12S-rRNA and 16S-rRNA, and, finally, a sequence of 309 bp that appears to consist of remnants of 16S-rRNA separated by two large gaps (Figure 2 ; see also supplemental Table 1 ). Of the above segments, a is M-like in sequence, and b and c are F-like (Figure 2) .
The entire CR of F-tr is embedded in sequences that resemble the F-ed more closely than the M-tr, except the 64 bp before the start of the M-like part, which resembles the M-tr genome. This similarity with M-tr continues past the Cyt b sequence of the second part, at which point the sequence turns again to resembling the F-ed genome. These transitions of sequence similarity suggest that the compound CD of the F-tr genome originated from events that involved exchanges between an M-tr genome and an F-like genome. The latter was probably the original M. trossulus maternal genome that was apparently replaced in the population by the present F-tr. A base-by-base alignment of the CR of F-tr with sequences from genes and CR domains from the other genomes is given in the supplemental materials, where we also give a list of lengths for each gene and CR domain in each sequence used in this article. The nucleotide diversity among the six CRs of F-tr and the one reported by Breton et al. (2006) is very minor (Table 3) , so we use the longest sequence from animal w2 (no. 3 in Table 1 ) for comparisons of the M-tr CR with the CR of other genomes (Table 3) .
The CRs of the F-ca and M-ca genomes: Even though sequence-wise the CRs of M. californianus are quite different from those of the M. edulis species group, a tripartite structure can be also discerned. To delineate the three domains of the CR of M. californianus, we first aligned the F-ca with M-ca sequences to identify the region with the highest similarity, taking advantage of the fact that in the other two species the highest similarity between conspecific genomes with the opposite transmission mode marks the CD of the two genomes. The so-identified region of F-ca was then aligned against the CD of F-ed and that of M-ca against the CD of M-ed. Finally, the whole CR of F-ca and M-ca were aligned against the whole CR of F-ed and M-ed, respectively (see materials and methods). The sodefined CDs of the two M. californianus genomes are 373 bp for F-ca and 335 bp for M-ca. The CR of M-ca is notable for two features. First, its VD1 is much shorter, only 262-263 bp, compared to 490 bp of M-ed and to 469-472 of M-tr (Table 3) . Second, its VD2 consists of repeats, like the VD2 of M-tr, but the repeat unit is much smaller, only 28-29 bp long. In the two M-ca CRs that we have sequenced, the number of repeats varied, being three in one and six in the other ( Figure 3B ). We use the sequences from animals 26 and 15 (nos. 13 and 15, Table 1 ) for comparisons of the M. californianus CR with the CR of other genomes (Table 3) .
A closer look at the CR of the F-tr genome: A close examination of the CR of the F-tr genome showed that the CD of the F-like part had an internal deletion of 30 bp. An alignment of this part of the CD with the corresponding parts of the CDs from all genomes from all three species (Figure 4) showed that the deletion affects the motifs Sp3 and mtTF1, which have sequence analogs in the sea urchin and in the human mtDNA (Cao et al. 2004) . These motifs are known to act as regulatory elements for replication and transcription (Fisher et al. 1987; Jacobs et al. 1989; Cantatore et al. 1990 ). This deletion raises doubts about the functionality of the F-like CD in the F-tr genome.
A similar argument can be made about the M-like VD1 of the F-tr genome. This VD1 shows a high degree of divergence when compared to the VD1 of the M-tr genome. A useful comparison is the divergence between the VD1 of the C genome of M. galloprovincialis (C-ga) and the VD1 of M-ed. The divergence at 16S-rRNA between M-ed and C-ga is 0.140 (SE ¼ 0.010) and the divergence between the VD1 of M-ed and the corresponding M-type VD1 of C-ga is 0.067 (SE ¼ 0.013). The corresponding distances between M-tr and the M-like VD1 of F-tr are 0.131 (SE ¼ 0.009) and 0.216 (SE ¼ 0.019). It can be seen that the divergence at 16S-rRNA is very similar in the two comparisons, yet the divergence at the VD1s of M. trossulus is more than three times larger. In both cases, the M-like sequences were inserted from the paternal genome into the maternal (from Med into the F-ga and from M-tr into the F-tr). Judging from the divergence at the 16S rRNA gene, we may assume that these insertions have originated at about the same time. It may not be an accident that the divergence between M-ed and C-ga has remained small. For the C-ga genome there is firm evidence that it acts as a paternal genome; i.e., it is a truly masculinized genome. For the F-tr genome, on the other hand, we have presented evidence that it is maternally transmitted. From this we may suggest that in the F-tr genome the M-like VD1 may not be functional and has entered a state of unconstrained divergence from the corresponding VD1 of the M-tr genome.
The tRNAs of F-tr: As noted above, the intervening sequence between the M-like and the F-like parts of the CR of F-tr contains parts of 16S-rRNA, Cyt b, and tRNA Tyr (Figure 2 ). These parts are obviously nonfunctional. It is of interest, however, to ask whether the same can be said about the seven tRNA sequences. Figure 5 presents the putative secondary structures of these sequences together with the corresponding structures of the tRNAs in the coding part of the F-tr genome. Four tRNAs in the CR (those for the amino acids glutamine, cysteine, isoleucine, and aspartic acid) are clearly nonfunctional and can be characterized as pseudogenes. Proper folding for the tRNAs for the amino acids glycine and asparagine in the CR requires a large number of illegitimate base pairings compared to those in the coding part, so they may also be characterized as nonfunctional. The opposite occurs with the tRNA Gln , where proper folding of the sequence in the coding region requires illegitimate pairing at six positions compared to none for the tRNA in the CR. This suggests that after duplication of the seven tRNA cluster, selection has silenced one or the other copy and that for the tRNA Gln the silenced copy happened to be the original one.
DISCUSSION
One phenomenon that has been well demonstrated in the genus Mytilus, but whose presence is still questionable in species outside this genus, is ''masculinization.'' The phenomenon has been discussed recently in Theologidis et al. (2008) . It refers to the presence of mitochondrial genomes whose coding part resembles very closely the sequence of the maternal genome, although they are transmitted paternally. Such genomes were found in M. edulis/M. galloprovincialis and in M. trossulus populations of the Baltic Sea. Originally, it was thought that these genomes were maternal genomes that, for some reason, reversed the transmission route . It is now clear that these genomes result from the exchange of sequences between maternal and paternal genomes in the control region (Venetiset al. 2007 ). This appears to involve a series of events, such as replication slippage, duplication, deletion, and recombination. It is interesting that, in all reported molecules that have Mean pairwise divergence (p-distance) of sequences of the same species and of the same transmission mode Standard error is shown in parentheses. a Refers to a fragment of 16S-rRNA that exists in all compared sequences of Table 1 (see also alignment in supplemental materials).
b Refers to the part of 16S-rRNA preceding the M-like CR of F-tr (region I, Figure 2 ). c Refers to the part of 16S-rRNA between the M-like and F-like CR of F-tr (region III, Figure 2 ). survived the process, the entire core-defined here as the whole molecule except the part between 16S-rRNA and tRNA Tyr -is of the maternal type and that the control region-defined as the part between these two genes-is a mosaic containing stretches of sequences from the maternal and paternal control regions. An exception has been found in the analysis of the compound CR of the F-tr genome that we report here, where the first 64 bp before the beginning of the CR are from the paternal genome (Figure 2) .
The recovery of a genome from males (or even male gonads) with a maternal-type core and a mosaic control region is assumed to be a sure sign of a masculinized genome; i.e., the genome is paternally inherited even though it is maternal-like in sequence. Here we show that this is not enough. The M. trossulus genome sequenced by Breton et al. (2006) has the above characteristics, but has turned out to be the maternal genome of this species. To establish that a genome is masculinized, one needs to demonstrate that the genome is the exclusive mtDNA molecule in the sperm of the male from which it was extracted and also that the male's somatic tissues contain another mtDNA molecule, the presumed maternal genome. As far as we know, these criteria have so far been shown to hold only for the fully sequenced C genome of M. galloprovincialis (Venetis et al. 2006 (Venetis et al. , 2007 . Several types of genomes with a mosaic control region and with F-like flanking sequences, which were isolated from male gonads or nonpurified sperm, have been reported in M. trossulus populations of the Baltic Sea (Burzynski et al. 2003 (Burzynski et al. , 2006 . Many of these might turn out to be paternally transmitted, but this remains to be established.
It is important to have as many truly masculinized genomes as possible, because only then can we start to address the important question of whether there are specific sequences in the mtDNA that are essential for determining whether the genome will follow the maternal or the paternal mode of inheritance. There have been suggestions that these sequences may reside in the major control region. These suggestions were based on the fact that the only marked differences between maternal and paternal genomes are located in the control region (Cao et al. 2004; Mizi et al. 2005 ) and on the existence in natural populations of genomes of the maternal type with mosaic control regions (Burzynski et al. 2003 (Burzynski et al. , 2006 Venetis et al. 2007) . It is clear that if some of these genomes are falsely assumed to be masculinized, they will mislead attempts to identify sequences responsible for the reversal of the transmission mode. The same can be said about the search for systematic differences between paternal and maternal genomes in other parts of the molecule. Thus, the alleged amino acid differences between maternal and paternal genomes (Breton et al. 2006) and the assumed interactions between nuclear and mitochondrial genomes (Breton et al. 2007 ) may need to be reexamined, to the extent they were based on the assumption that the F-tr genome was a masculinized genome. Given the complex structure of the control region of the maternal genome of M. trossulus, it is interesting to compare its structure with the control regions of other genomes. All male-like domains of this genome resemble the homologous domains of the paternal genome of M. trossulus more closely than those of the paternal genome of M. edulis (Table 4 ). This suggests that the present-day maternal genome of M. trossulus has resulted from a series of duplication and recombination events that involved the paternal M. trossulus genome and a now-extinct M. trossulus maternal genome. A similar suggestion was made by Rawson (2005) . The fact that the same maternal and paternal genomes were found in M. trossulus populations from the northwestern Atlantic and the northeastern Pacific coasts (Table 1) suggests that all North American populations of M. trossulus may contain the same paternal and maternal genomes. Of course, we cannot exclude the possibility that the postulated ''old'' and allegedly extinct maternal genome might be found in some populations.
The CR of both M. californianus genomes exhibit the standard structure of the mytilid genome: they have simple control regions with a conserved central domain flanked by variable domains. The availability of the maternal and paternal control regions from three species, with a variable degree of phylogenetic relatedness, allows the detection of certain patterns in the evolution of the CR in mytilids. In all three species, the first variable domain is shorter in the paternal genome (Table 4) . The difference between paternal and maternal genomes is more dramatic in the second variable domain. This domain has approximately the same length in all maternal genomes (137 bp in M. edulis and M. trossulus, 184 bp in M. californianus). In the paternal genomes of two species, M. trossulus and M. californianus, it consists of tandem repeats. No repeat structure can be discerned in the paternal M. edulis VD2, but there is an obvious sequence similarity with the repeats of M. trossulus. Presently, it is impossible to draw any causal relationship between these differences of maternal and paternal genomes and their mode of inheritance.
There remains the question why the CR in the maternal genome of M. trossulus remains so large. Our analysis points to a complementary hypothesis. We have shown that tRNA Gln in the coding part of the genome may not fold properly, whereas its copy in the control region does. If this implies nonfunctionality for tRNA Gln in the coding part, it will be the first case of a coding gene embedded within the control region of a mitochondrial genome. We have also presented evidence that the conserved region of the F-like part may not be functional. The evidence for nonfunctionality of the first variable domain of the M-like part is much weaker. This domain has diverged from the corresponding domain of the paternal genome much more than in the analogous cases of the M. galloprovincialis C genome and its paternal genome of M. galloprovincialis, and this may suggest a relaxed selective constraint on the VD1 of the M-like part. Finally, the VD2 of the M-like part is half as long as the corresponding part of the paternal genome. We may therefore hypothesize that, in the composite control region of the maternal genome of M. trossulus, the function of the conserved domain is served by the M-type CD, the function of the first variable domain by the F-type VD1, and the function of the second variable domain by the F-type VD2. At present, the evidence for this supposition is weak and it may serve only as a working hypothesis. It is consistent with the observation that the conserved domain differs very little between maternal and paternal genomes and can therefore be assumed to have the same role in either genome; namely, it facilitates the binding of replication and transcription factors. It also reinforces the suspicion that the most likely site for sequences that may control the mode of inheritance of the mitochondrial genome, if such sequences exist at all, is the first variable domain. This will explain why the maternal genome of M. trossulus cannot be inherited paternally, given that the paternal type VD1 has been altered by mutation.
